This paper reports the first demonstration of a magnet-free, high performance microelectromechanical system (MEMS) based circulator. An innovative circuit based on the commutation of MEMS resonators with high quality (Q) factor using RF switches is designed and implemented. Thanks to the high Q factor, a much smaller modulation frequency can be achieved compared to the previous demonstrations, reducing the power consumption and enabling the use of high powerhandling switches. Furthermore, the MEMS resonators greatly reduce the required inductance value, guaranteeing much smaller form factor compared to the previous LC demonstrations. The demonstrated circulator shows broad BW (15 dB-IX BW = 34.7 MHz for an operational frequency around 2.5 GHz), low IL (4 dB), high IX (30 dB), high linearity (P1dB = 28 dBm; IIP3 = 40 dBm) and at the same time low power consumption, addressing several of the current limitations hindering the full development of magnet-free circulators.
components, are crucial to enable full-duplex operation, due to their ability of prohibiting self-interference between the Tx and Rx nodes without sacrificing insertion loss, since they allow the signal to propagate only in one direction (i.e., from Tx to antenna (ANT) and from ANT to Rx).
Conventional circulators break time-reversal symmetry, and consequently reciprocity, by applying a strong magnetic bias to ferrite cavities [7] - [9] . However, magnetic-biased circulators are bulky and incompatible with conventional complementary metal-oxide-semiconductor (CMOS) technologies. Self-biased circulators [10] , [11] exhibit smaller size by integrating permanent magnets in dielectric substrates. However, they require complicated fabrication processes and typically show degraded performance. Active devices, such as transistors, are intrinsically non-reciprocal and hence have been employed to eliminate the requirement on magnetic bias [12] [13] [14] . However, these active circulators suffer from poor noise and linearity performances. Recently, a new class of magnet-free circulators based on linear-periodically-time-variant (LPTV) circuits has been proposed [15] - [35] , [37] [38] [39] . In LPTV-based circulators, periodic spatiotemporal modulation is applied to the system to break reciprocity. Based on the components being modulated, LPTV-based circulators can be classified into three categories: transmission line (TL) circulators, lumped element (LC) circulators and MEMS-based circulators. Refs. [15] [16] [17] demonstrated TL-based circulators by separating signals being excited from different ports into either different paths using CMOS switches, or different frequencies using distributed modulated varactors. Even though strong nonreciprocity has been achieved with broad BW and low IL, these demonstrations all require large modulation frequencies. This requirement in turn poses three challenges to the system: (i) large power consumption, (ii) leakage of RF power into the modulation paths, and (iii) limited linearity due to the use of either highly-scaled CMOS switches (to improve the switching speed) or solid-state varactors, both of which are limited in linearity. Even though in [15] the linearity from Tx to ANT path was improved by suppressing the voltage swing on the CMOS switches in charge of the modulation, this operation leads to an asymmetrical circulator response and increased sensitivity to impedance mismatch at RF ports, therefore requiring off-chip impedance tuners. Refs. [18] [19] [20] momentum biasing. In these cases, the resonant frequencies of three connected resonant tanks are periodically modulated in a rotating fashion, to break the time-reversal symmetry. Low-loss non-reciprocal bands have been achieved with broad BW. Nevertheless, limited by the low Q factor of the LC systems, the modulation frequencies required to achieve significant non-reciprocity are at least 10% of RF frequencies. The use of inductors also limits the form factor and integrability of the system. Furthermore, the use of solid-state varactors again limits the systems' linearity and modulation network complexity. Compared to TL or LC components, MEMS resonators have much larger Q factor and better integrability, thus having the potential to greatly reduce the modulation frequency, improve the circulator's insertion loss (IL), isolation (IX) and form factor. In this context, some attempts have been done to implement MEMS circulators [21] [22] [23] [24] . However, these demonstrations have all been characterized by severe limitations including high IL, limited IX, narrow bandwidth (BW) and/or intermodulation distortion. In order to address the aforementioned challenges, we introduce in this paper the first demonstration of a magnetfree circulator using high-Q AlN film bulk acoustic resonators (FBARs) centered at 2.5 GHz, which are spatiotemporally modulated to break time-reversal symmetry. In addition to low IL and high IX, the high Q factor of the system also guarantees much lower modulation frequency requirements (1.6% of RF frequency) compared to previous demonstration, which reduces power consumption and enables the use of high power handling switches. A small modulation frequency generates closely spaced harmonics, which risk to induce significant signal distortion. We address this issue by considering a differential geometry, which has been shown to largely suppress intermodulation mixing [19] . Instead of using conventional varactors, we modulate the center frequencies of the resonant tanks by commutating between two different frequencies using RF switches, therefore achieving better linearity (IIP3 = 40dBm; P1dB = 28 dBm) compared to previous LC demonstrations based on varactors. In fact, thanks to the high Q system and innovative modulation scheme, the achieved linearity is among the highest for all the magnetfree circulators. Finally, in order to improve the BW, the effective electromechanical coupling coefficient (kt 2 ) is increased by connecting inductors in parallel to FBARs to resonate out the static capacitance (C 0 ). Using this principle, we achieve a seven times wider BW. Compared to previous demonstrations based on LC systems, the required inductance values are also greatly reduced (4 nH in this work while hundreds of nH for previous demonstrations), therefore guaranteeing a much smaller form factor and lower cost.
II. DESIGN

A. Angular Momentum Biasing
The reciprocity of a symmetrical three-port resonant network can be broken by applying an angular momentum bias to the system [18]- [21] . As shown in Fig. 1 , three resonant tanks with center frequency f 0 are connected together, and the center frequencies are modulated periodically with proper phase Fig. 1 . Schematic of angular momentum biasing through modulation. Three LC tanks are connected to a common node, and the center frequencies of these three tanks are periodically modulated in a rotating fashion to break the degeneracy of the two counter-rotating current mode (I + and I − ) to achieve non-reciprocity. delay ϕ n , modulation amplitude (i.e. center frequency shift) a m and angular modulation frequency ω m . The center frequencies of the three resonant tanks are given by
where ω 0 is the static center frequency, ϕ n is the phase of the modulation of the n-th tank and ϕ 1 , ϕ 2 , ϕ 3 are equal to 0 0 , 120 0 and 240 0 , respectively The currents flowing through the three resonant tanks can be seen as a superposition of two counter-rotating modes, I − and I + [18] [19] [20] , as shown in Fig. 1 . Without modulation, these two counter-rotating modes are degenerate, therefore if a signal is excited from one port, transmission to the other two ports is equal and the network is reciprocal. However, when modulation is applied to the system with a phase shift specified by (1), a preferred sense of rotation is applied to the rotating modes, since one of them rotates in the same direction as the modulation while the other one rotates in the opposite direction. Therefore, degeneracy is lifted and, by choosing proper modulation amplitude and frequency, the two modes destructively interfere at one port and constructively interfere at the other, thus achieving the operation of a circulator.
B. FBAR Resonant Frequency Modulation
The equivalent circuit model of an FBAR is shown in Fig. 2 , where L m , C m , R m and C 0 are motional inductance, 1
where ω 0 is the center frequency, kt 2 is the electromechanical coupling coefficient and Q is the quality factor. The center frequency of the FBAR is determined by the resonance between L m and C m , and can be shifted by connecting the FBAR to a series capacitor C s . As shown in [21] , as long as C m << C 0 , the amount of frequency shift can be expressed by
where ω s is the unshifted center frequency and ω s is the shifted center frequency. Furthermore, the introduction of the series capacitor will decrease the admittance magnitude of the FBAR at resonance by a factor χ [21] , i.e.,
Assuming that 1
the admittance amplitude reduction factor χ can be expressed as
The above analysis highlights two challenges regarding the frequency modulation of FBARs compared to the case of simple LC resonators: first, according to (5) , the modulation amplitude is limited by C m /C 0 , i.e., the kt 2 of FBARs, which is the reason why all the previous MEMS-resonator based circulator demonstrations showed narrow BW. Second, the frequency shift will cause a reduction in admittance at resonance, which is also determined by the value of C 0 , thus causing higher IL of the circulator. Fig. 3 shows the simulated results of frequency shift when an FBAR is connected to a series capacitor. The FBAR used in simulation is assumed to have a C o of 1 pF kt 2 of 3%, Q of 600 and ω 0 of 2π ×2.5 GHz. Consistent with the above analysis, the modulation amplitude is limited by the anti-resonance peak determined by the kt 2 of the FBAR, and the admittance at peak drops with the decrease of C s .
The two challenges can be simultaneously addressed by decreasing the value of C 0 , or equivalently, increasing the kt 2 of the FBAR resonators. However, the kt 2 of the FBAR is determined by the piezoelectric coefficient of AlN and has a theoretical upper bound of ∼7% for FBARs. Therefore, in this paper, in order to address the two challenges, inductors are connected in parallel to the FBARs. The value of the parallel inductors is chosen such that they can resonate with C 0 at the center frequencies of the FBARs, thus we will have a larger effective kt 2 around the center frequency. Therefore, when the center frequencies are shifted, the admittance at resonance will reduce by a much smaller ratio. Fig. 4 shows the simulated results of frequency shift when an FBAR is connected in parallel to an inductor. As explained before, the value of L p is chosen to be L p = 1 ω 2 0 C 0 . As expected, with the same values of series capacitance C s , the modulation amplitudes are significantly increased, and the peak admittance reduction is much smaller.
C. Circulator Design
The circulator circuit combines two single-ended (SE) branches connected in a differential configuration with a modulation phase difference of 180 • (Fig. 5a ). This configuration was proven to have the ability to cancel intermodulation products [19] , therefore improving IL and IX. This is particularly important in this implementation, given the close proximity of these mixing products to the signal frequency. For each SE branch, three FBAR resonators are connected in a wye configuration. In order to simplify the printed circuit board (PCB) implementation, the three parallel inductors (L p ) are connected in a delta configuration, instead of wye. Using wye-to-delta transformation, this is equivalent to connecting them in wye configuration with three times smaller inductance ( Fig. 5b) . Instead of modulating the center frequencies by using varactors, three capacitors (C s ) are connected in series to the three FBARs respectively, and RF switches are connected in parallel to series capacitors and are modulated by square waves. Therefore, each of the resonant tank is commutated between two center frequencies. By synchronizing the modulation for each of the SE branch to have an increase of phase of 120 • towards either clockwise (CW) or counterclockwise (CCW) direction, a preferred rotation direction is formed and therefore, degeneracy of the two counter rotating modes is lifted and reciprocity is broken. Thanks to the ultra-low modulating frequency enabled by the use of high Q FBARs, switches with high power handling can be used. Compared to the conventional modulation mechanism using varactors, the use of highly-linear RF switches guarantees high linearity and much simplified modulation network.
The value of series capacitors is chosen by circuit simulation, shown in Fig. 6 . The circuit is simulated using the harmonic balance simulator in Keysight ADS. The IL and BW (defined by the BW at 15 dB of IX) versus series capacitance are plotted. For each of the series capacitance, the modulation frequency is chosen such that the maximum IX is 25 dB. When the capacitance is too small, the admittance reduction at resonance causes a high IL. When the capacitance is too large, the modulation amplitude is not enough to provide significant IX and low IL at the same time. The optimal value of series capacitance lies between 200 fF to 300 fF. On the other hand, BW increases with smaller series capacitance and therefore larger modulation amplitude. Therefore, the value of series capacitance in this paper is chosen to be 200 fF, in order to achieve low IL and high BW at the same time. Using the optimal value of series capacitance, circuit simulation shows an IL of 3.9 dB, IX of 25 dB and 15 dB-BW of 28 MHz (Fig. 7) . The IL of the circulator can be improved to 2.9 dB using FBARs with kt 2 Q of 80 ( Fig. 7 inset) , which is a reasonable value for FBARs.' It is worth mentioning that the quality factor Q of the parallel inductors does not degrade the performance of the circuit too much. The simulated relationship between the circulator IL and Q of L p is plotted in Fig. 8 . Compared to Q of 500, using inductors with Q of 125 (commercially available) will only increase the IL by 0.1 dB.
D. PCB Design
A PCB was designed and fabricated in order to implement the described circulator (Fig. 9a ). FBARs used in this paper ( Fig. 9b ) (Broadcom engineering sample) are monolithically integrated, showing a center frequency of 2.5 GHz, kt 2 of ∼3% and Q of ∼600 (Fig. 9c) and are wirebonded to the PCB. Parallel inductors are Coilcraft 0603HP series with inductance of 11.92 nH and Q of 125 at 2.5 GHz. RF switches are MACOM MASWSS0179 single-pole, doublethrow (SPDT) switches with IL of ∼1 dB at 2.5 GHz. Series capacitors are Murata GJW series with capacitance of 200 fF. The size of the device is approximately 15 × 15 mm 2 , mostly limited by the switch packages. A significantly more compact device size can be achieved by integrating RF switches with the FBARs on the same chip or using wafer-bonding. The device size can be further optimized by integrating parallel inductors on chip, while sacrificing some IL due to the lower Q of on-chip inductors.
III. MEASUREMENTS
A. S-Parameters
The measurement of the S-parameters is shown in Fig. 10 . In order to test the PCB, three two-channel function generators are synchronized to provide the square wave modulation signals. The modulation frequency is set to be 40 MHz. The S-parameters are measured using a 4-port vector network analyzer (VNA).
The measurement of S-parameters shows IL of 4.5, 4.7 and 5.3 dB; IX of 24.5, 21.1 and 20.3 dB and RL of 23.2, 18.7 and 13.2 dB, respectively (Fig. 11 ). The slight difference is attributed to the random values fluctuations of components, parameters mismatch between different FBARs and imperfect phase synchronization of modulation signals. Furthermore, if port 1, 2, and 3 are connected to Rx, Tx and ANT, the IL of signal transmission from ANT to Rx and from Tx to ANT and the IX between Tx and Rx, which are the most important metrics in full-duplex operation, can be optimized by slightly tuning the modulation phase. Fig. 12 (a) reports the optimized S-parameters, showing an IL of 4.0 dB, IX of 30 dB, and 15 dB-IX BW of 34.7 MHz (∼1.4% of RF frequency).
The S-parameters without parallel inductors are also measured (Fig. 12b ). Due to a much smaller modulation amplitude, a lower modulation frequency is used (7 MHz). As is expected, the BW is almost 7 times narrower, and the IL is also higher, due to the limited modulation amplitude and large admittance reduction factor determined by C 0 . Note that in this case a switch with a lower IL (0.5 dB at 2.5 GHz) but faster switching speed is used (MASWSS0166), due to a less rigorous requirement on the switching speed.
B. Output Spectrum
The output spectrum is measured using a spectrum analyzer (Fig. 13 ). Single tone signal is excited from port 1, Fig. 13 . Measured output spectrum. The green area is the non-reciprocal band defined by 15 dB of IX. The Measured S-parameters in Fig. 12(a) is shown in dashed lines for reference. and the output spectrum is measured at port 2, while port 3 is terminated by 50 ohm impedance. The measured output spectrum shows more than 30 dBc of first-order intermodulation products suppression, thanks to the use of differential configuration. The reason of imperfect intermodulation suppression is attributed to slight asymmetry of PCB designs and components values fluctuation between differential paths, and small modulation phase mismatch. For higher-order intermodulation products, since they are far away from the non-reciprocal band (i.e., the green area), they can be easily rejected by a band-pass filter.
C. Linearity and Power Handling
The linearity is evaluated by measuring the 1 dB compression point (P1dB) and input-referred third-order harmonic intersect point (IIP3). The circuit shows excellent linearity. Measured P1dB is 28 dBm and IIP3 is 40 dBm (Fig. 14) . The measured linearity is among the highest for all magnetfree circulators demonstrated to date, thanks to the use of RF switches with high power handling, enabled by the ultra-low modulation frequency. Table I summarizes the performance metrics reported in this work compared to other relevant works on magnet-free circulators based on LPTV circuits. Among these demonstrations, Refs. [15] and [27] are based on the spatiotemporal modulation of TLs, Refs. [19] and [20] are implemented through angular momentum biasing using LCs, while Refs. [21] , [22] , [24] , [28] and this work are based on spatiotemporal modulation of MEMS devices. In this work, for the first time without sacrificing other performance metrics including IL, BW and linearity, ultra-low modulation frequency (1.6%) has been achieved, thanks to the use of high Q FBARs. Besides a much smaller power consumption, this low modulation frequency also enables the use of RF switches with high power handling, therefore leading to a power handling performance (P1dB of 28 dBm and IIP3 of 40 dBm) that is among the highest for all magnet-free circulator demonstrations. The achieved IL (4.0 dB) is much lower than all the other MEMS based circulators, and is also among the lowest compared to all previous work at a relatively high center frequency (2.5 GHz), again due to the use of high Q FBARs centered at 2.5 GHz. Compared to previous demonstrations based on varactors [17] , [18] , the use of RF switches significantly simplifies the modulation network and improves the linearity. Furthermore, by using parallel inductors to increase the effective kt 2 of the FBARs, a broad BW (1.4%) is achieved, overcoming the narrowband issue from previous MEMS demonstrations. In summary, this paper shows the first demonstration of a 2.5 GHz highlylinear and broadband FBAR-based magnet-free circulator that shows low IL, high IX and low power consumption at the same time. The demonstrated response shows the potential towards high-performance RF non-reciprocal component with extremely small form factor that can be integrated in modern communication systems to achieve full-duplex operation.
IV. CONCLUSION
